I. INTRODUCTION
R ECENTLY, printed leaky-wave antennas (LWAs) have attracted much attention due to their high directivity, broad VSWR bandwidth performance, and frequency scanning capabilities. Antennas with dielectric and metal gratings have been studied extensively in the past and have attracted renewed inquiry [1] - [3] . In particular, there has been significant interest in the microstrip LWA, which utilizes a higher order radiative microstrip mode [4] - [8] . Since Menzel [9] first reported this leaky-wave structure, which was subsequently investigated by Oliner [10] , many microstrip leaky-wave antenna designs incorporating various modifications have been explored. The microstrip LWA, however, has some notable drawbacks which include the requirement of special feeds to guard against the excitation of the dominant (slow-wave) microstrip mode [9] , [11] , [12] . In addition, the integration of shunt elements for beam steering at a fixed frequency becomes problematic in microstrip technology, especially at millimeter-wave frequencies, due to the need for via holes through the substrate [13] . On the other hand, the alternative solution of integrating series devices with the microstrip LWA can lead to prohibitively high control voltages [8] .
Although, much work has been reported on printed LWAs at microwave frequencies, very little information can be found in literature on printed LWAs at millimeter-wave frequencies [1] , [3] , [7] . In fact, such antennas are particularly appealing at these frequencies since they become physically short while still providing high gain. Another salient feature of these antennas is that they employ a single series feed which results in reduced spurious radiation and conductor losses when compared to arrays fed by lossy and bulky corporate fed networks. This is particularly appealing at millimeter-wave frequencies where conductor losses increase dramatically. At the same time, a wide VSWR bandwidth can be achieved as opposed to series fed resonant antennas, which are notoriously narrowband in this regard.
II. PROPOSED STRUCTURE

A. Geometrical Layout
The proposed leaky-wave structure is shown in Fig. 1 . As shown, the antenna is essentially a coplanar waveguide (CPW) transmission line loaded with radiative, transverse, series slots. Unlike the microstrip LWA, which exploits the continuous leakage of the (fast) first higher order TE mode, this structure belongs to the family of periodically loaded traveling-wave structures [14] . It is a basically fast-wave structure with a periodicity of . Due to this small axial period, the slot array can be thought of as essentially a uniform leaky-wave antenna [14] . A distinction should be made between this antenna and slow-wave periodically loaded structures such as dielectric grating antennas or image guide fed arrays [1] , [15] , [16] . In contrast to slow-wave structures which have a bound spatial harmonic and radiate the harmonic toward the backfire direction, this proposed structure is basically fast and radiates the spatial harmonic toward the forward direction. Much like the Honey array (inductive grid), the proposed structure is a fast-wave radiating structure with periodicity that supports leaky waves which radiate [14] . However, unlike the Honey array which has an inductive surface impedance that excites TE leaky-waves, the proposed array has a capacitive impedance which supports radiating TM leaky waves.
Since this new structure is entirely planar and CPW based, it offers several distinct advantages at millimeter-wave frequencies. Compared to the microstrip LWA, the proposed structure features a simple feed and the convenience of incorporating shunt devices without the need for via-holes and features a simple feed. This latter feature makes the structure appealing for periodic integration with shunt elements such as semiconductor varactors and micro-electromechanical system (MEMS) phase shifters [17] for fixed-frequency scanning along the longitudinal plane [8] , [13] . With shunt integration of devices, the corresponding control dc bias can be maintained at low levels. Most importantly, this antenna features a simple feed, unlike the feeds of the microstrip LWAs, which require special precautions to guard against the excitation of the dominant microstrip mode [8] , [11] , [18] . In addition, the transverse dimension of the proposed array is narrow. As a result, pencil beams could be formed in both principle planes by placing multiple LWAs in parallel, as has been demonstrated with microstrip LWA designs [5] . Likewise, low-cost, low-profile millimeter-wave switched beam arrays can be envisioned.
B. Principle of Operation
The LWA proposed in this paper, is axially periodic. The general Floquet-mode theory for periodically loaded LWAs is presented in [14] . In this section, however, the specific geometry of the proposed structure is examined based on a transmission line model describing the fundamental Floquet mode, with emphasis on the underlying physical mechanisms involved. Intuition into the properties of the antenna is gained through the study of ideal transmission lines, periodically loaded with series capacitances, as shown in Fig. 2 . The ideal loaded transmission line system shown in Fig. 2 exhibits the following dispersion relation: (1) where phase delay of interconnecting transmission line segments, characteristic impedance of interconnecting transmission line segments, phase delay per periodic unit cell, and is the reactance due to the series loading capacitor. This dispersion relation can be examined graphically by means of the Brillouin diagram, shown in Fig. 3 for representative line and capacitive loading parameters. As expected, this diagram corresponds to a high-pass structure since the large reactance of the series capacitors impede propagation at low frequencies. Furthermore, the stopands are characterized by the cutoff condition where n is an integer. A simple trigonometric manipulation of (1) indicates that the bottom of the first passband ( ) is defined by a cutoff frequency given by (2) where . On the other hand, at the bandpass edges where , the dispersion relation of (1) implies that the propagation constants of the intrinsic and loaded lines become equal (3) which is the well-known Bragg condition. It is apparent from Fig. 3 , that the relative size of the bandgap becomes narrower with increased frequency. This is to be expected since the capacitive series reactance diminishes with increasing frequency, and the behavior of the structure approaches that of the intrinsic unloaded transmission line of characteristic impedance and propagation constant . The dotted line in the Brillouin diagram of Fig. 3 marks the transition between slow and fast-wave propagation relative to free space ( ) in the first Brillouin zone. As shown, for sufficiently small phase delays within the first passband, the corresponding periodic wave ( Floquet mode) becomes fast compared to free space (i.e.,
) and the array becomes leaky.
An approximate, but very intuitive approach to understanding the propagation characteristics of the antenna structure, is to examine a relevant limiting case. Consider (2) for the special case of with the additional simplifying assumption that the interconnecting lines are short, i.e.,
. In this case, the interconnecting lines can be modeled as inductances , where is the per-unit length inductance of the unloaded transmission line. These inductances appear in series with the loading capacitive reactances . This simple model suggests that at cutoff, the reactance cancels out the inductance , and the effective propagation constant vanishes. In this case, a very simple manipulation of the dispersion relation of (1), for small arguments, immediately reveals the following approximate expression for around the bottom of the passband:
where the cutoff frequency is given by . In essence, the series capacitors reduce the effect of the interconnecting series inductances
. This results in a reduction of the effective propagation constant and establishes a fast-wave propagation compared to the unloaded line. Under the leaky mode of operation, the beam emerges at an angle from broadside according to the relation (5) This relation represents the transverse phase matching condition between the propagation constant of the emerging beam and the propagating periodic wave on the loaded transmission line .
III. DESIGN OF THE UNIT CELL
The design process is outlined in this section. A specific example is considered for an emerging beam at 45 from broadside, at an operating frequency of GHz. The corresponding substrate is assumed to be a 254-m-thick Rogers RO3003 laminate with a relative permittivity, of 3.0. The substrate is deliberately chosen electrically thin in order to avoid strong excitation of substrate modes. Inevitably, this leads to bidirectional patterns which may or may not be desirable depending on the specific application. In order to provide maximum design flexibility, a unidirectional version of the proposed LWA is discussed in Section V.
A. Choice of Interelement Spacing
The attenuation along the leaky-wave structure, owing to radiation, is not known at the early stages of the antenna design. However, it can be assumed that the leakage is gradual, and thus the attenuation constant is small. This is a desirable condition which corresponds to an effective illumination of all the elements in the array and, therefore, a narrow beam for an electrically long structure. Under this assumption, ordinary uniform linear array theory can be employed for the initial stages of the design. The element pattern of the array corresponds to the radiating capacitive slots which are transverse and, therefore, radiate with an electric field polarization lying along the array axis.
Simple criteria were adopted for choosing the interelement distance . The interelement distance was chosen such that there is a far-field null along the endfire direction. This was done in order to reduce scattering from the substrate edges and produce cleaner patterns. Due to the electrically thin substrate used, the same condition results in a null for the coupled TM surface-wave power pattern along the endfire direction (for thin substrates ), further reducing scattering from the substrate edges. In addition, the interelement spacing, , was selected to achieve a 45 angle of emergence for attainable capacitive slot widths which were practically limited to 50 m by the photolithographic etching facilities available to the authors. This yielded an interelement spacing mm at 30 GHz.
B. Choice of Feed-Line Characteristic Impedance
As previously explained, the series capacitive loading decreases the effective inductance of the loaded line and therefore, also reduces the effective characteristic impedance (Bloch Impedance). The exact expression of the Bloch Impedance of the loaded line shown in Fig. 2 is given by (6) The ratio is fixed by the dispersion relation once the angle of emergence is selected. Therefore, it is obvious from (6) , that the Bloch impedance rises as the feed-line characteristic impedance is increased. In Section II, it was established that the loading capacitors decrease the series inductance of the interconnecting lines. Consequently, in order to maintain a reasonable Bloch impedance level in the range of , a high unloaded characteristic impedance was selected. The CPW interconnecting line has been chosen with a central conductor strip width of 300 m and a gap width of 400 m (see Fig. 1 ). It is perhaps interesting to point out that one of the benefits of using a CPW medium is highlighted by the need to realize such high characteristic impedances on an electrically thin substrate at 30 GHz. Indeed, a corresponding microstrip realization would result in relatively narrow lines (75 m), which according to HP-Linecalc result in a per unit length attenuation loss (decibles per wavelength) that is 1.7 times higher than that of the chosen CPW line.
C. Final Unit Cell Layout
Now that the phase constant , characteristic impedance of the unloaded line and interelement spacing have been chosen, the required capacitive loading can be calculated from the dispersion relation of (1). The required reactance was found to be . This reactance translates into a required loading capacitances of pF per slot at 30 GHz. As was observed in [2] for parallel-plate waveguide fed slots, the angle of emergence in a LWA is almost independent of the total number of slots. This implies that the phase constant is also approximately independent of the total number of slots. Therefore, an approximate method based on the use of a single unit cell in isolation was adopted to determine the required slot dimensions for achieving the desired loading capacitance for a beam pointing direction of 45 at 30 GHz. For this purpose, HP-momentum was used to extract an equivalent circuit of a unit cell in isolation and optimize the geometrical parameters to achieve the required loading capacitance . The determined unit cell dimensions are shown in Fig. 4 . The exact equivalent circuit for the isolated unit cell is not shown here for brevity. In the next section, however, a similar equivalent circuit for the unit cell embedded in an infinite periodic environment is explicitly shown.
IV. EXTRACTION OF A TRANSMISSION LINE MODEL AND CORRESPONDING ANALYSIS
In this section, analysis techniques for truncated periodic structures are applied to the proposed structure of Fig. 1 and a useful transmission line model is extracted. The transmission line model is utilized for finalizing the LWA array design, including the selection of the number of unit cells and the corresponding analysis of the far-field patterns and VSWR input impedance characteristics.
A. Extraction of a Transmission-Line Model for the Periodic Unit Cell
The analysis of a single isolated unit cell is inadequate for the determination of the leakage constant of the antenna, due to mutual coupling and edge effects. However, for larger arrays of unit cells, edge effects become less significant and the propagation constant , attenuation constant , and Bloch impedance , approach that of an infinite array. In other words, the majority of the slots experience the same electromagnetic environment and therefore, it becomes quite reasonable to model the slots with identical equivalent circuits. The transmission-line equivalent circuit for the periodic unit cell was extracted from the propagation characteristics (propagation constant, attenuation and Bloch impedance) of entire arrays with various numbers of cells. Specifically, the propagation characteristics were computed from the two-port network representation of an -element array obtained from HP-momentum simulations at the design frequency of 30 GHz. The results are described in Fig. 5 , which shows the propagation constant and attenuation constant as a function of the number of unit cells in the array (up to ). As shown in Fig. 5 , the propagation constant, , converges very quickly with increasing number of cells. This verifies the assumption that can indeed be predicted based solely on a single isolated unit cell. On the other hand, the attenuation (leakage) constant converges for a much larger number of unit cells. For this particular geometry, more than 15 elements were required to achieve convergence. Fig. 5 was utilized to determine the required number of unit cells, , for the overall LWA. The length was chosen such that 95% of the incident power is radiated prior to reaching the antenna termination. Given that for larger arrays according to Fig. 5 , the needed number of elements was found to be . Once the number of cells was determined, the two-port characteristics of the entire 32-element array were utilized to extract the ABCD parameters of the embedded periodic unit cell based on simple transmission theory of cascaded two-ports. From these ABCD parameters of the periodic unit cell, the corresponding two-port equivalent transmission line circuit was extracted as shown in Fig. 6 . The transmission lines to the left and to the right of the slot equivalent circuit represent the interconnecting CPW lines. Furthermore, the slot rcapacitance is represented by the series branch capacitors , which are responsible for increasing the phase velocity of the periodic structure. On the other hand, the smaller shunt capacitance represents the parasitic capacitance between the slot plates and the CPW ground plane, which tends to slow down the periodic wave. Finally, the radiation (leakage constant) is represented by both the series and shunt resistance and . It is perhaps worth noting that this equivalent circuit differs from that of an isolated unit cell predominantly in terms of the resistive components.
B. Analysis of Radiation Characteristics Based on the Transmission Line Model
The developed transmission line model has been utilized to quickly predict the radiation characteristics of the designed 32-element leaky-wave array. The far-field patterns were generated from slot excitations predicted using the developed transmission-line equivalent circuit.
From these slot currents, the far-field patterns were generated using the ordinary array factor (7) where is the current at the th unit cell as predicted by transmission line theory and is the spatial progressive phase shift for an observation angle . With this array factor, an element factor corresponding to a slot antenna printed on a dielectric substrate was employed as determined by spectral-domain analysis techniques [19] . It is worth noting, that the simple transmission line model developed, based on the cascade of 32-unit cells (shown in Fig. 6 ) accounts for the fact that the structure is of finite length and is terminated in a short. Therefore, both forward and reverse traveling Bloch waves are represented in the model through standard theory of truncated periodic structures [20] . To facilitate the discussion of radiation patterns throughout the rest of this article, the principle radiation planes of the designed array are explicitly shown in Fig. 7 . The corresponding E plane patterns at 30 GHz obtained from the transmission-line equivalent circuit are compared to the patterns from HP-momentum simulations in Fig. 8 . As shown, there is excellent agreement between the two, validating The computed propagation and attenuation constants are shown in Fig. 9 over a frequency range from 27 to 40 GHz based both on the transmission-line model and on direct HP-momentum simulations. First, note that the transmission-line model does a very good job in predicting the propagation constant over a wide range of frequencies. The attenuation constant is also very well predicted, except in the slow-wave region where a residual attenuation of remains. As Fig. 9 shows, the dispersion relation exhibits high attenuation at low frequencies ( GHz) due to the increased series reactance of the capacitive slots. This corresponds to the stopband region of the lossless capacitively loaded transmission line case shown in Fig. 3 . Furthermore, the band edges are not as sharp as for the lossless capacitively loaded transmission line due to the presence of radiative losses modeled by the resistances and , in Fig. 6 . As the frequency is increased, a region of fast-wave propagation or leaky-wave operation is encountered. Further increase in frequency causes the phase delay of the interconnecting lines to increase and the series reactance of the capacitive slots to decrease. This leads to an increase of the propagation constant which translates to a beam tending toward the endfire direction with increasing frequency. Eventually, the antenna enters a region of slow-wave propagation when in compliance with the Brillouin diagram of Fig. 3 .
V. EXPERIMENTAL RESULTS
As mentioned in Section III, a Rogers RO3003 substrate with a relative permittivity , a loss tangent of and a half ounce copper metallization of 17 m was used to fabricate the designed antenna at 30 GHz. Due to the symmetry of the structure shown in Fig. 1 , it was decided not to use air-bridges along the array. This was deliberately done in order to demonstrate that excellent results can be achieved with a simple fabrication process. It should be noted that, according to simulation, the Bloch impedance of the loaded line at 30 GHz is about which was matched to the feed-line using a simple two-stage quarter-wavelength transformer as shown in Fig. 10 . The antenna was fed through a flange-mounted -connector launcher at the edge of the substrate and was terminated in a short as shown in Fig. 1 .
A. Measured Far-Field Patterns
The E plane far-field patterns of the test antenna measured at 30 GHz, are shown in Fig. 11 . As expected, the antenna radiates at an angle from broadside toward the direction of propagation. Furthermore, the measured maximum cross polarization in the E plane is reasonable at approximately 17.6 dB. Before the rest of the patterns are shown, the reader's attention should be drawn to the fact that the measured beam pointing direction is 55 and not 45 as was designed and predicted by the simulations of Fig. 8 . A related discrepancy between the measured and narrower simulated beamwidth should also be pointed out. This issue was investigated extensively and it is believed that the observed discrepancies are due to the fact that the actual slots have a capacitance that is higher than what simulations predict. This increased capacitance can be attributed to the finite metallization of 17 m, which cannot be easily modeled with a planar moment based solver such as HP-momentum. It can be argued, that this increased capacitance decreases the phase velocity on the periodic line, leading to the increased angle of emergence at 55 from broadside. To overcome the difficulty of simulating the structure with finite metallization using HP-momentum, the developed transmission line model came in very handy. Specifically, the capacitance, , in the transmission-line model of Fig. 11 . Measured E plane pattern at 30 GHz. Fig. 6 was increased from 0.0524 pF to 0.0592 pF, in order to steer the emerging beam from the designed direction to the measured one. The corresponding simulated E plane patterns are compared against the measured patterns in Fig. 12 . As seen in this figure, this increase in capacitance also automatically recovers the experimental beamwidth and the two patterns now compare very well to each other. Therefore, it can be postulated that the increase in beamwidth is simply a result of scanning toward the endfire direction, as standard uniform (or slightly tapered) array theory for linear arrays would predict. The corresponding measured air and dielectric side H plane patterns are shown in Fig. 13 . The measured copolarization H plane patterns are compared against the patterns obtained from the modified transmission line model in Fig. 14. The highest cross-polarization levels are 12.3 dB and 10.8 dB on the air and dielectric sides, respectively. This higher cross polarization in the H plane, compared to the E plane, is predominantly due to the fact that in addition to the structure being fast wave, the CPW feedline also becomes fast, and thus, radiative. Along the longitudinal plane ( cut in Fig. 7) , the far-field contributions of the two opposite magnetic currents of the CPW feedline exactly cancel out, thus leading to reduced cross-polarized fields in the E plane. However, this cancellation along the E plane creates two emerging cross-polarized beams in the H plane, on either side of the substrate which is apparent in Fig. 13 .
B. Return Loss
The return loss of the antenna was measured from 24 to 36 GHz using a HP8722C vector network analyzer. The corresponding measurements are shown in Fig. 15 along with the simulated results obtained from the modified transmission line model. As shown, there is reasonable agreement between the measured and simulated results. Furthermore, Fig. 15 confirms that the VSWR performance of the antenna is quite broadband, although the beam-pointing direction changes with frequency. In this sense, the antenna can be considered broadband, in contrast to standard series fed resonant types of antennas, which exhibit a narrowband VSWR performance. Incidentally, this measured VSWR bandwidth, which corresponds to 26% for dB is larger than the best corresponding bandwidth of 20% reported for the microstrip LWA [12] . This is due to the fact that the bandwidth of the latter is hindered by the special feeds needed to suppress the dominant microstrip mode. It should be noted, that in this present work the recorded 26% bandwidth does include the 50 to 40 two-stage quarter-wavelength transformer at the input of the array (see Fig. 10 ).
C. Loss Budget
A comprehensive loss budget is shown in Table I . The antenna directivity was estimated to be 11.3 dB by integrating the measured E and H plane far-field patterns using numerical integration. In order to evaluate the antenna radiation efficiency, the corresponding gain was also measured using the gain-transfer method and was found to be 9.2 dB.
In Table I , mismatch loss refers to the power lost due to reflections at the input terminals of the antenna. On the other hand, input line losses refer to the conductor and dielectric losses in the 50 transmission line and the two-stage quarter-wavelength transformer (see Fig. 10 ). Furthermore, feed-line losses refer to the conductor and dielectric losses due to the CPW interconnecting lines of the unit cells along the array. Both the input line and feed-line losses were estimated using HP-Linecalc. For the case of the feed-line loss calculation, Linecalc was first used to estimate the attenuation loss per unit length of the raw CPW interconnecting line (i.e., assumed matched). Subsequently the transmission-line model of Section IV was utilized to account for the reverse wave reflected off the short-circuit termination of the array. The fact that this feed-line loss has been estimated to be only 0.4 dB is very encouraging and indicates that with proper design, there is no detrimental effect of the conductor losses to the performance of the array at 30 GHz. As Table I indicates there is a 0.8 dB loss unaccounted for. This discrepancy can be attributed to experimental errors which include 1) uncertainty in the measured absolute gain based on the gain transfer method [21] , 2) error in estimating the directivity from the measured E and H plane patterns, and 3) errors in estimating conductor losses using HP-Linecalc. The 0.8 dB discrepancy falls within the cumulative error in estimating the directivity, gain, and feed-line losses reported in Table I .
D. Frequency Scanning Characteristics
As expected from the dispersion characteristic in Fig. 9 , the main-beam scans as the operating frequency is swept. Within the antenna bandwidth (VSWR ), it was experimentally verified that the antenna scans from 21 (from broadside) at 25.5 GHz to 78 at 33.6 GHz. Furthermore, in the frequency range between 26-34 GHz, the measured gain variation is 1 dB from an average level of about 10 dB. An examination of the far-field patterns within this frequency range also reveals that there is a distinct pattern minimum at endfire ( ) throughout most of this frequency range, despite the fact that an exact null was imposed only at 30 GHz.
E. Unidirectional Version of the Proposed LWA
For many applications it is preferred to employ unidirectional antennas. However, a slot antenna is essentially a bidirectional radiator. The standard way of suppressing the radiation from one side of a slot is to back it with a ground plane or a cavity. However, one must be careful because in the former case a parasitic TEM wave can be excited between the slot and backing ground planes, whereas in the latter case, spurious resonances can be introduced that limit the VSWR bandwidth. Recently, substantial progress has been made toward the realization of highly efficient unidirectional slot antennas and arrays. For example, excellent results have been achieved from ground plane backed linear slot arrays by suppressing the parasitic TEM mode using a phase cancellation technique [22] . Another effective method involves the use of an electromagnetic band-gap (EBG) material at the back of the slot operating within its stopband to suppress the back radiation [24] .
In order to render this proposed LWA antenna unidirectional, it was decided to exploit the feature that its transverse dimension is electrically short. This implies backing the LWA with a narrow, but long metallic trough, as shown in Fig. 16 . The trough can be thought of as a waveguide operated well below the cutoff frequency of the dominant TE mode. This ensures that transverse resonances can be eliminated. Furthermore, since most of the power is radiated from the structure before it reaches the open end of the trough, any longitudinal resonances are eliminated. The corresponding measured E plane patterns at 30 GHz are shown in Fig. 17 . As shown, this unidirectional version of the proposed LWA works exceptionally well, suppressing the back radiation below 20 dB. In addition, the measured return loss shown in Fig. 18 does not show any evidence of spurious resonances appearing throughout the entire bandwidth or significant degradation. A 2-dB increase in the measured gain was observed for the unidirectional antenna over the bidirectional one, illustrating that most of the back radiation is recovered by the backing trough.
VI. CONCLUSION
A new uniplanar LWA operating at millimeter-wave frequencies has been introduced and both unidirectional and bidirectional versions of the antenna have been presented. This structure utilizes a capacitive surface of closely spaced slots that excites a fast spatial harmonic, which radiates. Unlike the standard microstrip LWA, there is no need for special, mode suppression feeds, thus, rendering the proposed structure inherently broadband. Furthermore, the new antenna permits the simple integration of shunt phase control devices such as semiconductor or MEMS varactors for fixed frequency beam scanning applications. The shunt integration of devices would allow the dc control bias to be maintained at low levels. In addition, the transverse size of the structure is electrically narrow, which allows the compact integration of several antennas side-by-side in order to form pencil or switched beams.
A simple transmission-line model has been introduced to understand the operation of the new antenna and facilitate its design. Based on this model and refinements through method of moments electromagnetic simulations, a LWA has been designed at 30 GHz. The prototype antenna has been tested successfully and points at an angle of 55 from broadside while exhibiting a VSWR bandwidth of 26%. In addition, the antenna demonstrates a gain of 9.2 dB while suffering only minimal conductor feed-line losses of 0.4 dB.
Inspired by this present work, a backward radiating version of this leaky-wave antenna was subsequently reported by the authors in [24] .
